The NEDD8-Cullin E3 ligase pathway plays an important role in protein homeostasis, in particular the degradation of cell cycle regulators and transcriptional control networks. To characterize NEDD8-cullin target proteins, we performed a quantitative proteomic analysis of cells treated with MLN4924, a small molecule inhibitor of the NEDD8 conjugation pathway. MRFAP1 and its interaction partner, MORF4L1, were among the most up-regulated proteins after NEDD8 inhibition in multiple human cell lines. We show that MRFAP1 has a fast turnover rate in the absence of MLN4924 and is degraded via the ubiquitin-proteasome system. The increased abundance of MRFAP1 after MLN4924 treatment results from a decreased rate of degradation. Characterization of the binding partners of both MRFAP1 and MORF4L1 revealed a complex protein-protein interaction network. MRFAP1 bound to a number of E3 ubiquitin ligases, including CUL4B, but not to components of the NuA4 complex, including MRGBP, which bound to MORF4L1. These data indicate that MRFAP1 may regulate the ability of MORF4L1 to interact with chromatin-modifying enzymes by binding to MORF4L1 in a mutually exclusive manner with MRGBP. Analysis of MRFAP1 expression in human tissues by immunostaining with a MRFAP1-specific antibody revealed that it was detectable in only a small number of tissues, in particular testis and brain. Strikingly, analysis of the seminiferous tubules of the testis showed the highest nuclear staining in the spermatogonia and much weaker staining in the spermatocytes and spermatids. MRGBP was inversely correlated with MRFAP1 expression in these cell types, consistent with an exchange of MORF4L1 interaction partners as cells progress through meiosis in the testis.
Quantitative proteomic analysis has become the gold standard in recent years for unbiased analysis of cellular responses to drug treatment and the analysis of proteinprotein interactions. Stable isotope labeling with amino acids in cell culture (SILAC) 1 is one of the most accurate techniques for performing mass spectrometry-based quantitative proteomics experiments (1) . SILAC has been used to study a wide range of cellular protein responses, including the reliable detection of specific protein interaction partners, subcellular protein localization, and changes in protein levels resulting from viral infection, drug treatments, and stress responses (2) . Pulsed incorporation of amino acids containing stable isotopes was also used to measure protein turnover in nucleoli (3) . Recently, detailed proteome-wide studies have used pulsed SILAC to calculate the synthesis and degradation rates of human and mouse proteins, which gives insight into protein regulation and dynamics (4, 5) . In both of these studies, a subset of proteins was identified with short half-lives (Ͻ3 h). Among this group are two known interaction partners, i.e. a chromatin regulatory protein called mortality factor 4-like protein 1 (MORF4L1 or MRG15) and MORF4 family-associated protein 1 (MRFAP1).
Protein turnover plays an essential role in regulating cellular proliferation and differentiation. The ubiquitination of protein substrates mediates a large proportion of protein degradation within the cell. There are more than 600 E3 ubiquitin ligases encoded by the human genome, and of these the Cullinbased E3 ligase complexes are the most numerous and complex. The activity of Cullin E3 ligase complexes is controlled in part by their post-translational modification by the ubiquitinlike peptide NEDD8 (6, 7) . NEDDylation is performed in an analogous way to ubiquitination, with NEDD8 initially binding an E1 enzyme complex (APP-BP1/Uba3) (8), followed by two possible E2 enzymes for conjugation to substrates (8, 9) . Several enzymes are able to catalyze deNEDDylation, at least in vitro, with the most well studied being the COP9 signalosome (10) .
Previous studies have shown that NEDD8 conjugation to Cullins increases their ubiquitination activity and thus the degradation rate for their substrate proteins (11) . A specific inhibitor of the NEDD8 E1 enzyme complex has been identified, called MLN4924 (12) . MLN4924 is currently in clinical trials as an anti-cancer agent because of its ability to trigger cellular senescence, which is thought to occur after uncontrolled DNA rereplication in the S phase (12, 13) . MLN4924 rapidly blocks NEDDylation of substrate proteins, including the Cullins. A recent study has reported a large scale proteomic and transcriptomic analysis of genes whose expression is altered upon blocking NEDD8 conjugation with MLN4924 in A375 human melanoma cells (14) . This study identified 38 proteins as crucial to the cytotoxicity of MLN4924 in pathways such as cell cycle regulation, DNA repair, and ubiquitination (14) .
The human NuA4 histone acetyltransferase complex is highly conserved from yeast to humans and is critical for the acetylation of histone H4 to regulate chromatin activity (15) . Two conserved components of the NuA4 complex are MORF4L1 and MRG-binding protein (MRGBP) (15) . MORF4L1 contains two domains separated by a linker region, the first being an N-terminal chromo domain that has been shown to have affinity for di-or tri-methylated histone H3 on K36 (16, 17) . The second domain is the C-terminal MRG domain (MORF4-related gene domain), which has been shown to interact with MRGBP and MRFAP1 (17, 18, 20) . The interaction of MORFL41 with the MRGBP protein is thought to recruit the NuA4 complex to chromatin via its chromo domain (15) . The exact function of the interaction between MORF4L1 and MRFAP1 is unknown (21) . However, we note that these interacting proteins were among the most rapidly turned over proteins identified in mammalian cells in the recent pulse-SILAC studies (4, 5) .
In the present study, we have taken advantage of the specificity of the NEDD8 inhibitor MLN4924, combined with SILAC-based quantitative mass spectrometry methods to characterize proteins downstream of the NEDD8 pathway. Here, we report that MRFAP1, a component of the MORF4L1 complex, was stabilized dramatically by MLN4924 treatment. We present evidence based upon both protein-protein interaction studies and analysis of expression in human tissues suggesting a model in which MRFAP1 competes with MRGBP for binding to MORF4L1, thereby regulating MORF4L1 function in chromatin modification. Furthermore, examination of the human tissue expression of MRFAP1 showed that it may play a critical role in spermatogenesis, possibly by regulating the hyperacetylation of chromatin on histone H4.
EXPERIMENTAL PROCEDURES
Materials-U2OS, U138MG, Tera-1, and HaCaT cells were purchased from the American Type Culture Collection (Rockville, MD). Dulbecco's modified Eagle's medium, minimal essential medium, McCoy's 5a medium, fetal calf serum, antibiotics, NuPage gels, LDS sample buffer, MES SDS-PAGE running buffer, nitrocellulose iBlot stacks, SYPRO Ruby, Alexa Fluor 680-conjugated secondary antibodies, and CBQCA assay kit were obtained from Invitrogen. IrDye 800-conjugated secondary antibodies were obtained from Rockland Immunochemicals (Gilbertsville, PA). Histo-Clear was from National Diagnostics (Atlanta, GA). antigen unmasking solution (citric acid based) was from Vector Laboratories (Burlingame, CA). Horseradish peroxidase-conjugated secondary antibodies were from Cell Signaling Technology (Danvers, MA). Bicinchoninic acid assay reagents, Coomassie Plus (Bradford) reagent, a subcellular protein fractionation kit, detergent removal plates, 16% methanol-free paraformaldehyde, and triscarboxyethylphosphine (Bond-breaker neutral pH solution) were from Pierce. Trypsin Gold was from Promega. Sep-Pak tC18 96-well -elution plates were from Waters. The Pepmap C18 columns and trapping cartridges were from Dionex. Complete protease inhibitor mixture tablets and PhosStop phosphatase inhibitor tablets were from Roche Applied Science. All other materials were obtained from Sigma.
Construction of LAP1-MRFAP1 Constructs and Cell Lines-All MRFAP1 constructs were generated by gene synthesis and cloned into the pgLAP1 vector (protein sequences are provided in supplemental Fig. 3 ) using Gateway cloning (Invitrogen) as described previously (22) .
Cell Culture-Briefly, U2OS cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FCS, 2 mM L-glutamine, 100 units/liter penicillin, and 100 g/liter streptomycin at 37°C in 10% CO 2 and passaged at ϳ80% confluence. U2OS cells expressing LAP1-tagged proteins were grown in the same medium as U2OS but with the addition of 150 g/ml hygromycin B and 15 g/ml blasticidine HCl. HaCaT cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FCS, 100 units/liter penicillin, and 100 g/liter streptomycin at 37°C in 10% CO 2 and passaged at ϳ80% confluence. Tera-1 cells were cultured in McCoy's 5a medium supplemented with 20% FCS, 100 units/liter penicillin, and 100 g/liter streptomycin at 37°C in 10% CO 2 and passaged at ϳ80% confluence. U138MG cells were cultured in minimal essential medium supplemented with 10% FCS, 100 units/liter penicillin, and 100 g/ liter streptomycin at 37°C in 10% CO 2 , and passaged at ϳ80% confluence. For SILAC labeling of U2OS cells, arginine-and lysinefree Dulbecco's modified Eagle's medium was used and supplemented with stable isotope-labeled arginine and lysine in addition to dialyzed FCS as described previously (23) .
Subcellular Fractionation of U2OS Cells-For the initial SILAC screen U2OS cells were treated with either DMSO or MLN4924, combined in a 1:1 ratio of cells and fractionated using differential centrifugation and sucrose cushions as described previously to obtain crude cytoplasmic, nucleoplasmic, and nucleolar fractions (24). These three fractions were then chloroform methanol-precipitated (25) and further separated by molecular weight using denaturing size exclusion chromatography prior to digestion and LC-MS/MS analysis.
A Pierce subcellular protein fractionation kit was used to fractionate U2OS cells according to the manufacturer's instructions. Each fraction was chloroform methanol-precipitated prior to analysis by SDS-PAGE and immunoblotting.
SDS-PAGE and Immunoblotting-Equal amounts of protein were loaded for SDS-PAGE of each sample with 10 g/lane, except for immunoprecipitation eluates where 10% of the elution volume was loaded. SDS-PAGE was performed using on 4 -12% (w/v) Bis-Tris NuPage gels using MES running buffer according to manufacturer's instructions but with the addition of 25 mM triscarboxyethylphosphine, in the LDS sample buffer. Equal amounts of protein were loaded with a maximum of 10 g/lane. SYPRO Ruby staining was performed as per manufacturer's instructions (Invitrogen). For mass spectrometric identification SYPRO Ruby staining was performed as per the manufacturer's instructions. For Western blotting, separated proteins were electrophoretically transferred to an iBlot nitrocellulose membrane, blocked with 3% nonfat skim milk in 0.1% Tween 20 in TBS (TBST), and incubated with primary antibody in 5% BSA in TBST overnight at 4°C. After incubation, the membranes were washed three times in TBST and incubated with horseradish peroxidaselabeled or Alexa fluor 680/IrDye 800-labeled secondary antibodies in 3% nonfat skim milk in TBST. Proteins were visualized using Immobilon chemiluminescent substrate (Millipore) and imaged with a cooled CCD camera (Fuji) for horseradish peroxidase-labeled secondary antibodies or a Licor Odyssey imager for Alexa Fluor 680/ IrDye 800-labeled secondary antibodies.
Denaturing Gel Filtration Chromatography, Trypsin Digestion, and Peptide Clean-up-Using a Dionex Ultimate 3000 HPLC system, fractions resuspended in 4% SDS, 100 mM NaCl, 25 mM triscarboxyethylphosphine, 50 mM N-ethylmaleimide, 10 mM Na PO 4 , pH 6.0, were heated to 65°C for 10 min and then filtered through a 0.45-m filter. The samples were injected (20 l/injection for 100 g of protein) onto a mAbPacSEC column (Dionex) equilibrated with 0.2% SDS, 100 mM NaCl, 10 mM Na PO 4 , pH 6.0. The flow rate was 0.2 ml min
Ϫ1
, and 16 fractions of 100 l were collected using a low protein binding 96-deep well plate (Eppendorf). Triethylamine bicarbonate (1 M, pH 8.0) was added to each fraction to adjust the pH to 8.0, and trypsin diluted in 0.1 M triethylamine bicarbonate was added at a ratio of 1:50 with incubation for 18 h at 37°C. SDS was removed from each fraction using detergent removal resin in 96-well plates as described previously (26) . For peptide desalting, trifluoroacetic acid was added to 1% (v/v) final concentration, and peptides were purified using a Sep-Pak tC18 96-well -elution plate. The peptides were eluted in 200 l of 50% (v/v) acetonitrile and dried with a SpeediVac prior to resuspension in 5% (v/v) formic acid. Peptide concentrations were determined using the CBQCA assay after 25-fold dilution of peptide samples in 0.1 M borate buffer, pH 9.3.
LC-MS/MS and Maxquant Analysis-Using a Dionex
Ultimate 3000 nanoHPLC system, 1 g of peptides in 5% (v/v) formic acid were injected onto an Acclaim PepMap C18 nano-trap column (Dionex). After washing with 2% (v/v) acetonitrile, 0.1% (v/v) formic acid peptides were resolved on a 150-mm ϫ 75-m Acclaim PepMap C18 reverse phase analytical column over a 100-min organic gradient with a flow rate of 300 nl min
Ϫ1
. The peptides were ionized by nano-electrospray ionization at 1.2 kV using a fused silica emitter with an internal diameter of 5 m (New Objective). Tandem mass spectrometry analysis was carried out on a LTQ-Velos Orbitrap mass spectrometer Thermo Scientific. The data-dependent acquisition method used was the FT10 protocol as described previously (27) . The data were processed, searched, and quantified using the Maxquant software package version 1.2.0.18 as described previously (28), using the default settings and employing the human Uniprot database (June 7, 2011) containing 109,824 entries. The settings used for the Maxquant analysis were: two failed cleavages were allowed; fixed modification was N-ethylmaleimide on cysteine; enzymes were trypsin (K/R not before P); variable modifications included in the analysis were methionine oxidation, deamidation of glutamine or asparagine, N-terminal pyroglutamic acid formation, and protein N-terminal acetylation. A mass tolerance of 7 ppm was used for precursor ions, and a tolerance of 0.5 Da was used for fragment ions. Using the default Maxquant settings, a maximum false positive rate of 1% was allowed for both peptide and protein identification. This cut-off was used for accepting individual spectra, as well as whole proteins in the Maxquant output. This threshold has previously been shown to be a rigorous method for identifying true positive matches (28) . All of the replicates indicated are biological replicates. Protein quantitation data were always derived from a minimum of two or more peptides/protein.
GFP-IP from SILAC-labeled U2OS Cells-The cells for each condition were harvested separately by trypsinization, washed in PBS, and lysed in IP buffer (1% Nonidet P-40, 50 mM Tris-Cl, pH 7.4, 10% glycerol, 150 mM NaCl, Roche Applied Science Complete protease inhibitor mixture, PhosStop, 50 mM N-ethylmaleimide). The lysate was centrifuged for 10 min at 17,000 ϫ g at 4°C. Equal protein amounts of each sample were then incubated with GFP-trap agarose beads from ChromoTek (Martinsried, Germany) that had been washed once in IP buffer (40 l of 50% GFP-trap bead slurry per IP) and were incubated for 2 h at 4°C. The beads were then washed three times with IP buffer by centrifugation at 2000 ϫ g for 2 min at 4°C. SILAC mixing was performed in the first wash. The beads were resuspended in 200 l of PBS and transferred to a spin column (Pierce) and centrifuged dry at 500 g for 1 min. LDS sample buffer that had been preheated to 65°C was then added and incubated at 65°C for 5 min. The eluate was collected by centrifugation at 500 ϫ g for 1 min at room temperature.
Immunofluorescence Microscopy-The cells were cultured on glass coverslips as described above. All of the subsequent steps are at 25°C. The cells were then fixed with 3% paraformaldehyde in PBS. Fixed cells were washed with PBS, and free aldehyde groups were quenched with 50 mM glycine in PBS. The cells were then permeabilized using 1% Triton X-100 for 10 min followed by washing in PBS. Coverslips were processed for immunolabeling by blocking with 5% BSA in TBST. Primary antibodies were incubated on coverslips for 1 h in 5% BSA in TBST. The coverslips were washed by dipping 10 times into 500 ml of PBS. Primary antibodies were detected with Alexa Fluor 488-or Alex Fluor 594-conjugated secondary antibodies that were incubated on coverslips for 30 min in 5% BSA in TBST.
For paraffin-embedded paraformaldehyde-fixed mouse tissue sections (7 m thick), deparaffinization was performed using Histo-Clear according to the manufacturer's instructions. Citrate-based unmasking solution was used for antigen retrieval according to manufacturer's instructions. The cells were permeabilized using 1% Triton X-100 for 15 min followed by washing in PBS. Four 15-min incubations with 1% sodium borohydride were used for autofluorescence reduction. The tissues were processed for immunolabeling by blocking with 5% donkey serum in PBS with 0.3% Triton X-100. Primary antibodies were incubated overnight in 5% donkey serum in PBS with 0.3% Triton X-100 at 4°C. Primary antibodies were detected with Alexa Fluor 488-or Alex Fluor 594-conjugated secondary antibodies that were incubated for 1 h in 5% donkey serum in PBS with 0.3% Triton X-100 at 25°C in the dark. Optical sections were analyzed by confocal microscopy on a Leica SP2 AOBS inverted microscope. Images were generated by the maximum projection of a z-stack taken from the top to the bottom of the cell monolayer. Contrast was adjusted for all images with the same settings.
RESULTS

Identification of Proteins Downstream of NEDD8-Cullin
Pathway-Using a high specificity inhibitor of the NEDD8 E1 enzyme (MLN4924), we have interrogated the NEDD8 pathway in U2OS cells. Given that NEDD8 conjugation to Cullins is known to regulate their E3 ubiquitin ligase activity, we chose to identify those proteins whose expression increased after NEDD8 inhibition and therefore may be regulated downstream of the Cullins. We have used SILAC-based quantitative proteomics to perform a differential screen comparing the relative abundance of proteins either in control, DMSOtreated U2OS cells or in U2OS cells treated for 18 h with 1 M MLN4924 grown in medium containing either light (R0K0) or heavy (R10K8) stable isotope-labeled amino acids, respectively. Protein extracts from both the control and MLN4924-treated cells were mixed, fractionated, digested with trypsin into peptides, and analyzed by mass spectrometry on a LTQ Velos as described under "Experimental Procedures." Peptides were identified, and SILAC ratios were quantitated using MaxQuant, which showed that of Ͼ2,500 protein groups detected, 32 protein groups increase more than 2-fold in relative abundance after 18 h of MLN4924 treatment ( supplemental Table 1 ). Among these up-regulated proteins, MRFAP1 and MORF4L1 stood out from the top six most up-regulated proteins because they had been previously shown to be interaction partners (18) and to have fast turnover rates (4, 5) . These two proteins were therefore selected for further analysis.
We confirmed the MS identification data using subcellular fractionation and protein blotting with antibodies specific for MRFAP1 and MORF4L1, which also showed that MRFAP1 and MORF4L1 are predominantly soluble nuclear proteins whose abundance increases following treatment of cells with MLN4924 (Fig. 1b) . To determine whether the increase in the abundance of MRFAP1 in response to NEDD8 inhibition was conserved across different cell types, we also treated HaCaT (keratinocytes), U138MG (gliobastoma), and Tera-1 (pluripotent testicular teratoma) cells with MLN4924. Immunoblotting of total cell lysates from each of these cell types confirmed up-regulation of MRFAP1 levels in each case (Fig. 1c) . To ensure that the antibody was specifically recognizing MRFAP1 and not other proteins in the extracts, we utilized siRNA knockdown of MRFAP1 in several cell lines, followed by both immunoblotting and indirect immunofluorescence microscopy (supplemental Fig. 1) . In each case a major band at ϳ15 kDa, the predicted size for MRFAP1, was detected that was reduced after siRNA treatment with oligonucleotides specific for MRFAP1. These data showed that the antibody recognizes MRFAP1 specifically in multiple cell lines and would be useful for further analysis of the protein. To confirm the subcellular localization of MRFAP1, indirect immunofluorescence microscopy was performed on U2OS cells either with or without MLN4924 treatment. This showed MRFAP1 to have a nucleoplasmic localization that was increased in abundance after NEDD8 inhibition (Fig. 1d) . A marked increase in nuclear size was also observed (Fig. 1d, arrowheads) and would be consistent with DNA rereplication, which is a known consequence of MLN4924 treatment (12) .
MRFAP1 Is Stabilized by NEDD8 Inhibition and Co-expression of MORF4L1-To determine how MRFAP1 protein abundance was increased after NEDD8 inhibition, we tested whether the degradation of the protein was altered either with or without overnight MLN4924 treatment. A cycloheximide time course after overnight incubation of U2OS cells with either 1 M MLN4924 or DMSO control treatment showed, as expected, an increase in MRFAP1 protein abundance upon NEDD8 inhibition, as well as a decrease in the rate of MRFAP1 degradation (Fig. 2a) . Strikingly, analysis of DMSO-treated control cells showed MRFAP1 to have a very fast turnover rate, with almost no protein detected after 2 h of cycloheximide treatment. To confirm this result, we examined the turnover of LAP1-tagged, wild type MRFAP1 (supplemental Fig. 3a) expressed in an inducible stable U2OS cell line as described previously (22) . Using an 8-h time course of cycloheximide treatment, we showed that the exogenous MRFAP1 had very similar degradation kinetics to endogenous MRFAP1 (Fig. 2b) . To determine whether this degradation was mediated via ubiquitin conjugation, we constructed a LAP1-tagged MRFAP1 mutant that was not competent for ubiquitin conjugation (7KR), which was expressed in a second inducible stable U2OS cell line just as for the wild type protein (Fig.  2b) . In the 7KR mutant, all seven lysine residues in the MRFAP1 protein have been mutated to arginines (supplemental Fig. 3b ), thereby preventing modification by ubiquitin, which must be linked to lysine residues. This fusion protein can, however, still be ubiquitinated within the LAP1 tag, which contains lysine residues (22) . Regardless, the MRFAP1 7KR mutant was more stable than the wild type protein (Fig. 2b) . To test whether it was the co-expression of MRFAP1 and MORF4L1 after MLN4924 treatment that helped stabilize each protein, we generated a third inducible stable cell line expressing each protein at close to equimolar levels. This cell line was generated using a new construct consisting of LAP1-tagged wild type MRFAP1 followed by a picornoviral ribo- some skipping sequence (29) and then MORF4L1-mCherry (supplemental Fig. 3c ). The exogenous LAP1-MRFAP1 in these cells showed similar increased stability in the presence of equimolar amounts of MORFL41 to that of endogenous MR-FAP1 from cells treated with MLN4924 (Fig. 2b) . To determine whether endogenous MRFAP1 degradation was mediated via the proteasome, we exposed U2OS cells to a cycloheximide time course with either 10 M MG132 or DMSO control treatment. This showed, as expected, an increase in MRFAP1 protein abundance upon proteasome inhibition as well as a decrease in the rate of MRFAP1 degradation (Fig. 2c) .
MRFAP1 Interacts with E3 Ubiquitin Ligases-Next we investigated which proteins may be controlling MRFAP1 and MORF4L1 turnover. To do this, we constructed inducible U2OS stable cell lines that express either wild type LAP1-MRFAP1 or wild type LAP1-MORF4L1 and used them to perform SILAC-based quantitation of the interaction partners for each of these proteins (22) . In these triple SILAC experiments, we compared GFP-based immunoprecipitates from uninduced cells (light), doxycycline-induced (medium), and doxycycline-induced cells with simultaneous MLN4924 treatment (heavy). This experimental design allowed discrimination between strong interactors and contaminant proteins for each of the three conditions. Analysis of the LAP1-MRFAP1 immunoprecipitates revealed strong binding to previously identified interaction partners of MRFAP1, including MORF4L1 and MORF4L2, which were enriched in MLN4924-treated cells because of their increased abundance after NEDD8 inhibition (Fig. 3a) . A number of ubiquitination-related proteins were also identified, as well as ubiquitin itself, including the HECT domain-containing E3 ligases UBR5 (EDD) and HUWE1, Cullin-4A/B, and one of its substrate-binding proteins VprBP, as well as the deubiquitination enzyme OTUB1. In addition, MRFAP1 showed interactions with coronin-1c, a WD40-repeat containing protein, which has previously been associated with F-actin binding but may have other roles with regard to MRFAP1 regulation. We were unable to detect any chromatin modification/remodeling enzymes in our MRFAP1 immunoprecipitates, which may indicate that MRFAP1, which binds to MORF4L1 via its MRG domain (20) , blocks the MORF4L1 interaction with these complexes. Curiously, we consistently observed increased background binding of proteins from cells treated with MLN4924 as seen in Fig. 3a by the cloud of background binders offset from (0, 0). This phenomenon may relate to the effect of the drug on cellular architecture/cytoskeleton.
After comparing the SILAC ratios for each of these interactors, it was clear that VprBP and Cullin-4A/B only interacted strongly with MRFAP1 following MLN4924 treatment. This could be the result of an inactive cullin being unable to dissociate from its substrate because of an inability to carry out ubiquitination. To verify these data, we again immunoprecipitated LAP1-MRFAP1 from extracts of cells treated with MLN4924, separated the proteins by SDS-PAGE, and immunoblotted with antibodies specific for Cul4b, VprBP, and Cul4a. These data showed that Cul4b, but not Cul4a, was co-immunoprecipitated with MRFAP1 and confirmed our mass spectrometry quantitation, because the association of MRFAP1 with Cul4b was almost undetectable in untreated cells but was clearly seen from cells treated with either MLN4924 or MG132 (Fig. 3b) . The interaction between MRFAP1 and VprBP was also confirmed and showed the strongest binding with MLN4924 treatment and weaker binding with MG132 treatment.
Analysis of the LAP1-MORF4L1 immunoprecipitates revealed strong binding to previously identified interaction partners of MORF4L1, including MRFAP1 and MRGBP, both of which bind to MORFL4 through its MRG domain (Fig. 4a) . We observed strong binding to a number of other components of the NuA4 histone acetylation complex in addition to MRGBP, including BRD8 and EP400. Components of other chromatin- modifying complexes were also seen, including GATAD1, a component of the JARID1A histone demethylase complex and PHF12, a component of the Sin3a histone deacetylase complex. Weaker interaction of MORFL41 with all of the core histones was also seen in control cells, but this was decreased after MLN4924 treatment. The recently identified MORF4L1-binding, DNA damage response protein PALB2 (FANCN) was also observed in our immunoprecipitates (30, 31) . These data provide an overview of the variety of MORF4L1-containing complexes within U2OS cells and demonstrate our ability to observe several low abundance protein complexes.
To further clarify the role of Cul4B in the regulation of MRFAP1, we also carried out immunoprecipitation experiments to detect LAP1-CUL4B-interacting partner proteins in extracts from cells either with or without MLN4924 treatment (Fig. 4b) . These data demonstrated how effective NEDD8 deconjugation was for Cul4b after MLN4924 treatment. Thus, we can clearly see NEDD8 association with Cul4b in untreated cells, as well as association with components of the deNEDDylating COP9 signalosome, such as CSN1 (10), as indicated by the high positive M/L ratio observed for these proteins. However, these interactions are largely abolished in MLN4924-treated cells as indicated by the negative H/L ratio observed for these proteins. We also observed interaction of Cul4b with the substrate-binding protein VprBP, which we also observed interacting with MRFAP1. However, MRFAP1 itself was not observed. MORF4L1 was observed interacting with Cul4b in MLN4924-treated cells, again indicating that Cul4b has an increased affinity for the MRFAP1-MORF4L1 complex after NEDD8 inhibition. TMEM43, which is a component of the inner nuclear membrane (32) , showed a strong interaction that may be related to the nuclear localization of Cul4b in U2OS cells (Human Protein Atlas) (33) . RBX1 and DDB1 are previously known components of Cul4b-containing protein complexes (34) .
MRFAP1 Is Inversely Correlated with MRGBP Expression in Testis-Next we used a complementary microscopy-based strategy to investigate the expression pattern and associations of the interacting proteins identified above. Using the antibody specific for MRFAP1, which we previously validated by siRNA knockdown in a variety of cell types, we examined the tissue microarrays developed for the Human Protein Atlas project (33) to determine the expression pattern and subcellular localization of MRFAP1 in normal and cancerous human tissue (supplemental Tables 2 and 3 ). This analysis revealed that MRFAP1 had moderate nuclear expression in the spermatogonia of the testis, strong nuclear or cytoplasmic expression in ciliated epithelia, and strong cytoplasmic expression in neurons (Fig. 5a , nuclear staining indicated by arrowheads), whereas most other tissues had weak or negative staining (supplemental Table 2 ). The expression of MRFAP1 in spermatogonia may indicate that the protein plays some role in spermatogenesis and the initial stages of meiosis (supplemental Fig. 4 ).
To determine how the expression patterns of MORFL41, MRGBP, and BRD8 compared with that of MRFAP1, we examined the Human Protein Atlas testis tissue staining data (33) , which utilized antibodies recognizing each of these proteins. This showed that MORF4L1 was detected at all cell stages of spermatogenesis, but that MRGBP and BRD8, two components of the NuA4 histone acetyltransferase complex, were highly enriched in spermatocytes and spermatids ( Fig.  5b ; Ref. 33 ; also see supplemental Fig. 4 for a description of spermatogenesis in the testis). Strikingly, when MRGBP expression in all tissues was examined, testis showed the strongest expression, and most other tissues were negative (33) . In cancer tissues, MRFAP1 showed a very similar expression pattern to normal tissues, with the highest expression in glioblastoma and testicular cancer (supplemental Table 3 ). However, the MRGBP protein was largely undetectable in testicular cancer, in stark contrast to its expression in normal tissues. To confirm the subcellular localization of MRFAP1 in normal testis, we performed indirect immunoflu- orescence confocal microscopy on mouse testis sections (Fig. 5c ). This analysis confirmed the nuclear localization of MRFAP1 in spermatogonia (Fig. 5c, white arrowheads) . We conclude that in human seminiferous tubules of the testis, the MORF4L1 protein is expressed in all cells, but with a largely mutually exclusive co-expression of the alternate interacting proteins MRFAP1 and MRGBP.
DISCUSSION
In the present study, we have used SILAC-based quantitative mass spectrometry to characterize several nuclear proteins regulated by the NEDD8 pathway. We have identified MRFAP1 and MORF4L1 as being up-regulated in U2OS cells in response to inhibition of NEDD8 conjugation by treatment of cells with the inhibitor MLN4924. The up-regulation of MRFAP1 is mediated by an increase in the stability of the MRFAP1 protein after MLN4924 treatment. This stabilization could be enhanced because of the formation of a stable complex between MRFAP1 and MORF4L1. We further interrogated the protein-protein interaction network formed by these proteins and identified the E3 ubiquitin ligase Cul4b complex as binding to MRFAP1. This provides a putative mechanism to link the NEDD8-regulated Cul4b protein and stabilization of MRFAP1 (Fig. 6) . We also saw that MRFAP1 and MRGBP could not be co-immunoprecipitated and therefore may bind in a mutually exclusive manner to MORFL41. We infer that MRFAP1 could therefore act as a regulator of MORF4L1 activity by changing its binding partners.
The proteomic analysis we present here highlighted only a subset of proteins whose expression was up-regulated by 18 h of MLN4924 treatment. The short period of NEDD8 conjugation inhibition used in this study may favor the detection of proteins that are rapidly degraded, downstream of the NEDD8-cullin E3 ubiquitin ligase pathways. A recent study that examined in detail the transcriptional and proteome response to MLN4924 treatment in human A375 melanoma cells reported a larger number of proteins whose abundance was altered (14) . This may reflect differences in the cell types studied and/or experimental conditions used. Regardless, Liao et al. (14) also observe the increased abundance of MRFAP1 and MORF4L1 in human A375 melanoma cells after MLN4924 treatment, which adds further evidence to the universal response of cells to up-regulate these proteins after NEDD8 conjugation inhibition.
Analysis of the human tissue expression pattern of MRFAP1 showed it to be expressed in only a few cell types, including spermatogonia, ciliated epithelial cells, and neurons. Closer examination of the testis expression pattern for MRFAP1 and MRGBP indicated an anti-correlated pattern, suggesting that recruitment of NuA4 histone acetyltransferase activity to chromatin via MORFL41 might be important for later stages of spermatogenesis. This is because only the cells in later stages of spermatogenesis showed co-expression of MRGBP and MORF4L1 but not MRFAP1. The MORF4L1-MRGBP modification complex could be inhibited in spermatogonia because of high MRFAP1 expression, which we suggest competes with MRGBP for binding to MORF4L1. We propose that this may block the hyperacetylation pathway in spermatogonia to maintain a germ stem cell population.
Previous studies have shown in a number of animals, including rats and mice, that hyperacetylation of histone H4 is critical for spermatogenesis (35, 36) . These studies showed that hyperacetylation of histone H4 leads to chromatin decondensation, which is thought to allow for histone replacement by protamines and thereby facilitate the extensive chromatin compaction needed in the small sperm nu- cleus (supplemental Fig. 4) . We propose that the NuA4 histone acetyltransferase complex, which contains MRGBP and BRD8, plays a critical role in spermatogenesis by mediating the hyperacetylation of histone H4. One of the other MORF4L1-interacting proteins we observed was EP400, which as part of the human NuA4 complex may also play a role in the exchange of histone H2A for histone H2A.Z during spermatogenesis (37) .
The MRFAP1 protein is highly conserved and only present in mammals, consistent with it playing a specific role in the regulation of MORF4L1 protein complexes (supplemental Fig. 2 ). MRFAP1 may thus be expressed in spermatogonia to maintain normal levels of histone modification by negatively regulating recruitment of the NuA4 complex to chromatin (Fig. 6) .
Analysis of the MRFAP1 domain structure shows that it is a relatively simple, modular protein, with an N-terminal MRGbinding domain followed by a flexible linker region containing a number of glycine residues and a C-terminal coiled coil region that could mediate homodimerization of the MRFAP1 protein (38 -40) . The dimerization capability of MRFAP1 could reflect the fact that the MRG domain of MORF4L1 is a dimer, the structure of which has been solved by x-ray crystallography (20) . We propose that a homodimer of MRFAP1 may bind the homodimer of MORF4L1, forming a high affinity interaction between the two dimers. The abundance of the MORF4L1-MRFAP1 complex, compared with the MORF4L1-MRGBP complex, would then be mediated, at least in part, by the probability of an encounter between each of these proteins and therefore is related to the abundance and localization of each protein (19) .
Our studies here using quantitative proteomics analyses have revealed new evidence for the functional role of NEDD8 modification in controlling gene expression during cell differentiation in mammals. This has opened up new avenues to investigate mechanisms regulating histone acetylation and its link with spermatogenesis. In view of the tissue specificity of MRFAP1 and MRGBP expression, it is possible that these proteins regulate the hyperacetylation of histone H4 during spermatogenesis via a pathway dependent upon binding stoichiometry. In the context of cancer, this pathway may be involved by subtly altering the histone modifications of chromatin, thereby altering gene expression to favor cancer cell proliferation. Our data provide evidence for a combinatorial mechanism affecting cell-specific regulation of chromatin modification that involves changing the balance between MRFAP1-MORF4L1-MRGBP interactions. In future, it will be of interest to characterize further the impact of this pathway in disease states, such as cancer, that are influenced by alterations in histone acetylation and related modifications. 
